Disease relapse in cancer patients many years after clinical remission, often referred to as cancer dormancy, is well documented but remains an incompletely understood phenomenon on the biologic level. Recent reviews have summarized potential models that can explain this phenomenon, including angiogenic, immunologic, and cellular dormancy. We focus on mechanisms of cellular dormancy as newer biologic insights have enabled better understanding of this process. We provide a historical context, synthesize current advances in the field, and propose a mechanistic framework that treats cancer cell dormancy as a dynamic cell state conferring a fitness advantage to an evolving malignancy under stress. Cellular dormancy appears to be an active process that can be toggled through a variety of signaling mechanisms that ultimately downregulate the RAS/MAPK and PI(3)K/AKT pathways, an ability that is preserved even in cancers that constitutively depend on these pathways for their growth and survival. Just as unbridled proliferation is a key hallmark of cancer, the ability of cancer cells to become quiescent may be critical to evolving malignancies, with implications for understanding cancer initiation, progression, and treatment resistance. Cancer Res; 75(23); 1-9.
Introduction
Despite significant advancements in cancer therapeutics over the past several decades, relapse following long periods of remission after treatment remains a persistent problem in many patients. Fatal recurrences for a variety of cancers can arise years and even decades later, often in the form of metastatic disease, the major cause of cancer-related deaths (1) (2) (3) . The extensive period of time in which patients remain asymptomatic before relapse represents the clinical observation known as cancer dormancy, a loosely defined phenomenon that has garnered increasing interest but remains poorly understood. Efforts at linking the clinical phenomenon of cancer dormancy to underlying cellular mechanisms remain challenging because conceptual models of dormancy, generated through experimental studies, are difficult to validate in patients. Although several recent reviews have approached the subject (4-6), interest in dormancy has been growing quickly and new insights are rapidly being made.
In this review, we use the phrase "cancer dormancy" to describe the clinical phenomenon of slowly growing primary or metastatic tumors that are often seen as the culprit for relapsed disease. Although cancer dormancy can be explained through different biologic mechanisms, we will focus primarily on the concept of "cellular dormancy" or "solitary cell dormancy," one such model that has gained more momentum due to its explanatory power and novel advances in the field. Thus, this review has four primary aims: (i) examine the historical context, clinical evidence, and relevance of cancer dormancy broadly defined; (ii) discuss prevailing models that have been developed to explain clinical behavior; (iii) synthesize the body of literature on cellular dormancy and propose a logical framework, and (iv) outline current barriers to studying this phenomenon and discuss potential therapeutic implications.
Evidence for cancer dormancy through clinical observation
Evidence of cancer dormancy has historically been viewed through a clinical lens as an attempt to explain relapse in posttreatment cancer patients who have been asymptomatic for a period of time. One of the earliest observations of cancer relapse following tumor removal can be traced to ancient Rome when the physician Celsus (25 B.C. to 50 A.D.) noted the recurrence of certain types of cancers, which he referred to as carcinomas, stating that "after excision, even when a scar has formed, none the less the disease has returned, and caused death" (7) . The concept of cancer dormancy was not formalized and widely noted, however, until the early 20th century, after the pioneering of anesthesia and the use of more sophisticated surgical techniques facilitated the extirpation of tumors and the study of post-operative cancer recurrence. In 1934, Rupert Willis, an Australian pathologist who examined cancer metastases in autopsies, noted that delayed metastases in patients who had no local recurrence following removal of the primary tumor suggested that "neoplastic cells must have lain dormant in the tissues in which they were arrested" (8) . It was further proposed by the English pathologist Geoffrey Hadfield in 1954 that the appearance of secondary tumors over 5 years following surgery is likely the outcome of cancer cells lying in a state of "temporary mitotic arrest" (9) . Over the past several decades, extreme cases of time to relapse have been documented in a handful of patient series. Examples of recurrent melanoma over 10 years after initial diagnosis are rare, but have been reported several times in literature (10) (11) (12) (13) . In one series, recurrence of up to 20 years after diagnosis was observed in patients who initially only had one primary cutaneous melanoma (13) . In studies of breast cancer patients, deaths attributable to relapse have been observed up to 25 years following surgery, after which the mortality rate was no longer significantly different from that of the general population (1, 14) . Examination of circulating tumor cells (CTC) in breast cancer patients without evidence of disease following mastectomy has also shown that CTCs could be detected up to 22 years later (15) .
Cancer dormancy is a heterogeneous phenomenon that should be viewed as a specific property of an evolving malignancy that reflects differences in underlying biology even within the same tumor type. For example, it is well known that women with "basal-like" breast cancers, an aggressive histologic subtype with poor clinical prognosis, have shorter relapse-free survival times than women with other types of breast cancers (16) . In a cohort of over 1,600 patients, those with triple-negative breast cancers, which have a high degree of overlap with the "basal-like" histopathology, were shown to have a significantly higher rate of recurrence within the first several years of diagnosis compared with other types of breast cancers (17) . However, this risk rapidly declined thereafter, with no recurrences after 8 years of follow-up, whereas other breast cancer subtypes continue to carry a low but steady risk even up to nearly 20 years after diagnosis. These predictable trends raise the idea that cancer dormancy is governed by distinguishing biologic characteristics of evolving tumors that have significant clinical implications for prognosis and treatment.
Interest in cancer dormancy has primarily involved examining metastastic behavior and relapsed disease, which is ultimately responsible for the vast majority of cancer deaths (18) . Although there remains some controversy as to when metastases develop with respect to the primary growth of the tumor, there is genomic evidence derived from comparison of primary to secondary tumors that metastatic spread can occur very early on in the evolving disease (19, 20) . Mathematical modeling of late recurrence suggests that the most likely explanation is the presence of a prolonged period of dormancy as opposed to slow but uninterrupted growth (21) , which can potentially be explained by (i) individual disseminated cells entering a state of prolonged dormancy at a distant site or (ii) the presence of micrometastatic lesions in a growth equilibrium defined by a balance between cellular proliferation and death. As a variety of models can account equally well for different trends in long-term follow-up relapse data (22) ; however, further insight into this phenomenon can only be gained through understanding the driving biologic pathways. Dormant cancer cells also play an important role in the evolution of primary tumors both in determining the overall growth rate and response to therapy. It is well known that there is proliferative heterogeneity in a tumor and that variable fractions of cells exist in an out-of-cycle (23, 24) . Although slow proliferators may retard overall tumor growth, they also may offer an overall fitness advantage under conditions of iatrogenic stress. Work in this field emphasizes the need to better understand cancer development and therapeutic resistance from the standpoint of cellular heterogeneity with respect to epigenetic and metabolic changes (25) (26) (27) , as models of treatment resistance through acquired genetic mutation remain incomplete (28) . Insight into dormancy, however, may also be critical for understanding how functional cellular heterogeneity contributes to growth dynamics, progression, and treatment resistance.
Current Models of Cancer Dormancy
Current experimental models of cancer dormancy can be subdivided into two general categories reflecting distinct growth kinetics and have been recently reviewed (4-6). The first category, known as tumor mass dormancy, involves stagnation of overall tumor growth due to the equilibrium of proliferation and cell death. The prevailing models that comprise this category include angiogenic dormancy (29) (30) (31) and immunologic dormancy (32) (33) (34) . The second category, referred to as cellular dormancy or solitary cell dormancy, involves the ability for individual cancer cells to enter a state of temporary cell-cycle arrest (4, 35, 36) . As recent reviews have discussed these models in detail, we provide a brief historical and conceptual overview (Fig. 1 
Angiogenic dormancy
The hypothesis that tumors are dependent on the formation of new vasculature to sustain their growth was developed in the 1970s, generating increasing amount of interest in understanding the mechanism behind angiogenesis (37) . When a growing tumor mass expands beyond 1 to 2 mm, it relies on the formation of new vascular beds in order to attain sufficient oxygen and nutrient for growth by inducing expression of the hypoxia-inducible factor-1 (29, 31, 38) . This limitation has been cited as an explanatory model for how microscopic pockets of malignant cells can remain clinically undetectable for years before an "angiogenic switch" that is regulated by a balance between pro-antiangiogenic factors produced by the tumor and its microenvironment (31, 39 ). An early pioneer of this model, Judah Folkman, suggested that human bodies are constantly keeping small tumors in check by preventing their ability to recruit new blood supply (39) . In particular, Folkman invoked angiogenic dormancy as a way to explain the discrepancy between the high prevalence of undetected breast, prostate, and thyroid tumors found at autopsy and the low rate of which these cancers become clinically significant over the course of a lifetime. In concordance with this idea, microscopic and macroscopic tumors that were stained with an endothelial cell marker demonstrated that large tumors had wellorganized vascular structures, whereas small tumors had few small vessels (31) .
There is a large body of evidence demonstrating the mechanism of angiogenic dormancy in mouse models (4, 31, 40, 41) through the evolution of growing tumor masses. However, the role of angiogenic dormancy in metastatic dormancy is less convincing. Live-cell imaging experiments of metastatic models using GFP-tagged cancer cells in the patient have suggested that CTCs most likely initially seed and grow in an oxygen-rich environment close to endothelial vessels, suggesting that dormancy at this single-cell level must therefore be explained by some other mechanism (42) .
Immunologic dormancy
The role of immunity in shaping cancer growth, first hypothesized by Ehrlich in the early 1900s and further developed several decades ago by Burnet and Thomas (43) , has been extensively reviewed in recent years (44) (45) (46) . A current model explaining the role of the immune system in cancer progression is a three-stage process: elimination (where cancer cells are recognized and eliminated by the immune system), equilibrium (a less-well defined process where the immune system controls but does not completely eliminated malignant growth), and escape (when tumors that reside in a less-immunogenic state are no longer susceptible to immunosurveillance; refs. 44, 46) . Proponents of immunologic dormancy have worked on elucidating the role of the equilibrium phase in cancer progression, and multiple lines of evidence in mouse studies aimed at understanding this phase has demonstrated that the innate and adaptive immunity can indeed hold a growing tumor in check (33, 45, 47, 48) .
The transmission of cancer from organ transplant donors to recipients has been cited as evidence of immunologic dormancy in the clinical setting (44) . In a recent case study, metastatic melanoma developed 1 to 2 years post-transplant in two allograft recipients receiving kidneys from the same donor who had been treated for primary melanoma 16 years before death and who was considered disease free at time of organ donation (49) . Several other studies of malignant melanoma in allograft recipients corroborate this observation (50) (51) (52) . In another study involving pediatric acute myeloid leukemia, the propensity for relapse in patients treated with chemotherapy with or without autologous bone marrow transplant was strongly correlated with antitumor CD8 þ T lymphocyte levels (53) . Patients in remission had detectable antitumor CTLs following induction, and none of these patients relapsed, with follow-up times up to 74 months. On the other hand, 7 of 8 patients without detectable antitumor CTLs suffered from relapse ranging from 2 to 17 months following treatment.
Given the extensive clinical data on post-transplantation patients with induced immunosuppression, one would predict such patients to have a higher rate of occurrence of a broad spectrum of tumor types as the innate and adaptive immunity are compromised (32) . However, in two major studies of over 40,000 combined patients, there was only a significant elevation of viral-associated cancers and no elevation in the rate of common carcinomas, such as lung, breast, prostate, and colon (54, 55) . It remains unclear what cellular processes govern these clinical observations, as the immune system has been shown to play both pro and antiproliferative functions in tumor evolution (56) .
Cellular dormancy
Although several lines of evidence have demonstrated the presence of dormant cancer cells, the underlying mechanism behind cellular dormancy is perhaps the least well defined, as characterizing individual cancer cells in vivo remains a significant technical hurdle (4). Identification of dormant cancer cells in vivo has primarily relied on static IHC, such as Ki-67 or TUNEL stain, which provides limited insight into a dynamic process (36) . More recent techniques, such as live-cell imaging, however, have been able to offer additional information about the growth kinetics on a single-cell level in experimental models, and in one study using in vivo videomicroscopy, the survival of dormant cancer cells up to 11 weeks following injection was shown in mouse models of metastasis (57) .
Clinical evidence of cellular dormancy has been documented in both primary tumor and metastases and has also suggested that dormant cells can be refractory to treatment. In a recent study analyzing human tumor tissue samples of breast cancer patients undergoing neoadjuvant chemotherapy, there was a significant enrichment for dormant cells in tissue samples of patients after exposure to chemotherapy compared with those in the same individual before treatment (58) . Although it remains unclear whether these cells were induced or selected by chemotherapy, the study suggests a direct relevance to disease treatment. Isolation and characterization of CTCs from patients have also demonstrated that many of these cells are dormant or have limited proliferative capacity (59) (60) (61) . In one study, the presence of Ki-67 negative CTCs isolated from patients with metastatic breast cancer was correlated with disease progression and elevation of tumor marker levels (59) . Furthermore, in a cohort of patients who had undergone adjuvant chemotherapy and were initially negative for CTCs, repeat examination during chemotherapy revealed the presence of Ki-67-negative CTCs, suggesting that these nonproliferative cells may be resistant to therapy (59) . These circulating cells were likely not just a result of shedding of nonviable cells from treatment, as subset of patients who were initially positive for CTCs became negative following chemotherapy.
Given the inherent difficulties in detecting and characterizing individual cells or micrometastatic lesions in the patient, the relative contribution of various mechanisms of dormancy in the clinical setting is difficult to assess. Recent advancements in the underlying mechanism governing cellular dormancy, however, has refined our understanding of how this complex phenomenon may play an increasingly important role in the development and progression of human cancers.
Cellular Dormancy at a Molecular and Cellular Level
Although a detailed review of the canonical cell cycle is beyond the scope of this review, a basic understanding of signaling pathways in relation to the canonical cell cycle is necessary for synthesizing upstream pathways involved in cancer cell dormancy (35) . While mechanisms controlling entry and progression through the G 1 phase of the cell cycle vary depending on cell type and context, different pathways must converge on activation of specific cyclin-dependent kinases (CDK), which subsequently drive entry into S, G 2 , and M phase through association with various cyclins. Evidence accumulated over the past several decades has suggested that the key decision point for a cell entering the cell cycle occurs in late G 1 , where dissociation of the transcription factor E2F from Rb enables cell-cycle progression. The timing of this event is governed by the interactions between Dtype cyclins, CDK4/6, and CDK inhibitors CDKN1A, CDKN1B, CDKN1C, and CDKN2A (35, 62) .
Many recent lines of investigations suggest that downregulation of two of the most well-studied pathways activated during oncogenesis, the RAS-MEK-ERK/MAPK and PI(3)K-AKT signaling cascades, plays a critical role in governing cancer cell dormancy (4, 58, (63) (64) (65) . This is perhaps not surprising given that both of these pathways directly activate the canonical cell-cycle pathway. For example, the RAS-MEK-ERK/MAPK kinase cascade plays a pivotal role in cellular proliferation through stabilization of MYC, which induces the expression of cyclin D1 and suppresses CDK inhibitors, thereby promoting CDK activation (35) . Similarly, the PI(3)K-AKT signaling axis facilitates CDK activity via inhibiting glycogen synthase kinase 3-b, which normally inhibits proliferation by destabilizing cyclin D, and preventing nuclear localization of FOXO transcription factors, which activates CDK inhibitors CDKN1A and CDKN1B (35) .
A logical question follows: given that mutation, overexpression, or aberrant regulation of key players in the RAS and PI(3)K pathways is present in the majority of human tumors, what role does cellular dormancy play under these circumstances? Interestingly, it has been shown that cancer cells with mutations that constitutively activate the PI(3)K-AKT axis can still downregulate this pathway upon entering a quiescent state, for example, through ubiquitin-mediated degradation (58, 66, 67) . The fact that mechanisms exist to abrogate supposed driver pathway of mutagenesis argues for the hypothesis that cellular dormancy offers an evolutionary advantage toward tumor progression.
Moving upstream: lessons learned from integrin signaling and microenvironmental cues
The influence of microenvironmental factors on cancer cell dormancy has been best characterized through the study of integrin signaling. Integrins are a family of heterodimeric transmembrane receptors that transduce signals from the extracellular matrix (ECM), by activating signaling intermediaries, including cytosolic tyrosine kinases, to promote proliferation, survival, and motility of both cancer and normal cells. Several lines of evidence have demonstrated that modulation of integrin signaling, and in particular, b-1 integrin, plays an important role in inducing cancer cell dormancy (64, 65, (67) (68) (69) (70) .
Downregulation of b-1 integrin signaling appears to promote cell-cycle transition from a proliferative to a quiescent state. In an early study using a three-dimensional basement membrane assay, culturing HMT-3522 mammary cancer cells with inhibitory b-1 integrin antibody induced growth arrest and phenotypic differentiation such as reformation of acini morphology and basement membrane reassembly (64) . Removal of inhibitory antibody was able to reverse this phenotype. b-1 integrin signaling relies on the phosphorylation of focal adhesion kinase (PTK2/FAK), a cytosolic tyrosine kinase. In an MMTV transgenic mouse model of human breast cancer that utilized a Cre/LoxP1 system to disrupt integrin function, complete abrogation of b-integrin led to a decrease in the phosphorylation of FAK tyrosine residues, inhibition of cell proliferation, and cessation of tumor growth in vivo (65). Similarly, upregulation of b-1 signaling enables dormant cancer cells to re-enter into the cell cycle. In vitro experiments using the highly metastatic D2A1 mammary carcinoma cell line revealed that their growth ability in three-dimensional cell culture was dependent on presence of fibronectin, b-1 integrin signaling, and downstream phosphorylation of the myosin light chain complex (69) .
The connection between b1-integrin/FAK and the MAPK pathway in cancer cell growth was shown in vivo by demonstrating the dependency of metastatic spread of mouse mammary cancer cell lines D2.0R and D2A1 on the density of collagen I/b1-integrin signaling (71) , which led to the activation of MAPK and subsequent phosphorylation of myosin light chain and actin stress fiber formation. Similarly, b-1 integrin/FAK signaling also modulates the AKT pathway to drive cancer cell proliferation. In a recent study using both MCF7 human mammary epithelial cancer cells and HCT-116 colon cancer cell lines, in vitro proliferative heterogeneity was regulated by b-1 integrin/FAK signaling, which preserved cytosolic AKT1 levels by preventing ubiquitin-mediated proteasomal degradation driven by the mTORC2 complex (67) . It remains to be seen whether the effect of integrin signaling on cancer cell dormancy is unique to b1-integrin or whether other subtypes may also play a similar role. Available data suggest that there is likely some degree of specificity, as knockdown of b-1 containing integrins but not b-V containing integrins significantly hinders the proliferation of metastatic D2 cells under threedimensional culturing conditions (69, 70) .
The complex interplay of microenvironmental cues that influence cellular dormancy has also been recently examined with respect to cancer cell-niche interactions (72) (73) (74) . In a recent study using engineered microvascular niches derived from primary human umbilical endothelial cells, the authors examined the behavior of disseminated tumor cells and demonstrated that microvasculature niches that tend to promote cellular quiescence express increased thrombospondin-1, a glycoprotein known to interact with ECM proteins, including fibronectin, collagen, and b-1 integrin (72) . Niches that promoted cellular proliferation were found to excrete TGF-b1 and periostin, a ligand for several integrin subtypes. Another study utilizing intravital microscopy to perform imaging analysis of calvarial bone marrow demonstrated that local secretion of osteopontin, an integrin ligand, was able to promote quiescent behavior (73) . Although further work is needed to better characterize the various extracellular signaling events that can contribute to cancer cell dormancy, these results represent an important step forward in our understanding of cancer dormancy as it provides both a framework to explore the effect of microenvironmental factors on tumor progression as well as offer potential therapeutic targets (75) .
Internal cues triggering cancer cell dormancy-toward a quantitative model
Internal cues such as stress signaling may also contribute to the induction of cellular dormancy. Aguirre-Ghiso and colleagues have demonstrated using the human D-HEp3 head and neck cancer model that dormancy can result from a near complete inhibition of the RAF-MEK-MAPK(ERK) pathways in conjunction with activation of the stress pathway involving p38 (68) . They demonstrated in vivo using a GFP-reporter system for ERK and p38 activity that proliferation requires a high ERK:p38 ratio, whereas a low ERK:p38 ratio favors dormancy. Through a proteomic search of p38-regulated genes in the D-HEp3 cell line, the authors found that the molecule upregulates endoplasmic reticulum-resident chaperones normally induced during adaption to a type of stress signaling known as the unfolded protein response (76) . Autophagy, another form of stress response, has also been implicated in the induction of dormancy in human ovarian cancer cell lines and was shown to be correlated with the downregulation of the PI(3) K-AKT pathway (63) . This body of work suggests that loss of mitogenic signaling alone may not be sufficient to reprogram cells into a dormant phenotype, and that other internal cues such as stress signaling may be necessary to ultimately alter levels of CDK inhibitors and other cell-cycle players to favor cell-cycle arrest.
Quantitative aspects of cell signaling in the induction of cancer cell dormancy
The proliferative capacity of cancer cells is a fine-tuned process as the degree and duration of signaling from proliferative pathways can determine the balance between proliferation, dormancy, and cell death. Toggling of the PI(3)K-AKT signaling pathway in recent studies nicely illustrates this concept. In one study examining the autophagic process in human ovarian cancer cell lines with a inducible ARHI (aplasia Ras homolog member I) system, the authors demonstrate that expression of ARHI in tissue culture leads to autophagic cell death through inhibition of PI(3)K/AKT/ mTOR and MAPK signaling pathways (63) . Interestingly, when this cell line was introduced in mouse xenografts, induction of ARHI resulted in dormancy that was reversible upon removal of ARHI stimuli as opposed to causing cell death. Further tissue culture analysis indicated that autophagic cell death was reduced when these ARHI-induced cells were treated with growth factors (IGF1, M-CSF), angiogenic factors (VEGF, IL8), and matrix proteins found in xenografts. From these studies, the outcome of autophagy appeared to be correlated with the degree of PI(3)K signaling: chronic and severe PI3K downregulation caused autophagic death, while the presence of lower levels of PI(3)K signaling contributed by microenvironmental factors promoted autophagic dormancy (77) .
Along similar lines, Dey-Guha and colleagues demonstrated in actively proliferating MCF-7 breast and HCT-116 colon cancer cells, which have upregulated the AKT/PKB pathway, that there are rare subpopulations of temporarily dormant cells characterized by decreased AKT/PKB signaling (58) . Treatment with allosteric AKT inhibitors in the bulk population of these cells induced apoptosis when given at a higher dose, whereas treatment with a lower dose induced a state of reversible dormancy. These studies suggest that precise levels of proliferation and survival signals may mediate a fine balance between cell dormancy and death.
The variable growth kinetics of cellular dormancy
The sensitivity of cell growth in response to fluctuating intra and extracellular cues suggests that the temporal aspect of cellular dormancy is highly variable. Although technical barriers limit our ability to track individual cancer cells in the patient for long periods of time, current studies have so far been consistent with this hypothesis. As mentioned earlier, survival of dormant cancer cells up to 11 weeks in mouse models of metastasis has been demonstrated using in vivo videomicroscopy (57) . A back-of-the envelope calculation suggests that with a doubling time of 2 to 3 months, it would take roughly 4 to 5 years for a single cell to form a clinically detectable 1 mm mass (below the angiogenic limit of dormancy) composed of approximately one million cells. Although this calculation obviously makes many assumptions about the growth kinetics, it nevertheless demonstrates that cellular dormancy can in fact operate on a time scale on par with clinical evidence.
Several recent lines of work have also suggested that dormancy can also operate on a shorter time frame. For example, work on the uPAR/p38/ERK(MAPK) pathway as previously noted described the ability to interrupt dormancy using the same cell lines in a matter of days. Perturbation of the uPAR/p38/ERK network by inhibition of p38 kinase activity for 48 hours or transient transfection with uPAR cDNA resulted in reprogramming the cells into a proliferative state (78, 79) . Dey-Guha and colleagues have also shown that dormant cells can resume a proliferative stance within 2 to 3 days in tissue culture media replete with growth factors upon upregulation of the AKT pathway (58) . The length of cellular dormancy in a developing cancer can thus vary dramatically depending on the environmental cues. Thus, this phenomenon cannot be thought of as an on-or-off phenotype but rather as a behavior that exists along a continuous spectrum that is constantly influenced by internal and external variables in flux.
Relationship between cellular dormancy and the cancer stem cell model
The intersection between cellular dormancy and the cancer stem cell model may offer insight into underlying biology in both realms, but is poorly characterized. Conceptually, the phenomena are linked as they represent two important models in which cancer cells can evade therapy and relapse despite clinical remission. Perhaps the simplest description of the relationship between the two phenomena is that cancer stem cells represent a subset of dormant cancer cells in that while cancer stem cells have the ability to remain dormant, not all dormant cancer cells have been shown to carry the stem-like property of self-renewal and differentiation. This relationship is more complex; however, in light of evidence challenging the strict hierarchical behavior of stem cells, as it suggests that dormancy, the ability to self-renew, and the ability to differentiate may represent aspects of tumor heterogeneity that may or may not overlap depending on the individual circumstance.
The possibility of transient stem-like behavior in a growing tumor was recently shown in a study where small subpopulations of slowly cycling melanoma cells with division time greater than 4 weeks were isolated using an H3K4 demethylase biomarker (26) .
This population of cells could give rise to highly proliferative progeny and was shown to be essential for continuous tumor growth, as knockdown of the demethylase initially led to increased tumor growth but was ultimately followed by exhaustion. However, the demethylation status was reversible and subpopulation of cells initially lacking the demethylase could gain the marker over time. Although these slowly cycling cells harbor the ability to self-renew, they do not follow a hierarchical cancer stem cell model with respect to proliferation. In another recent study using human breast cancer cells, isolation of cancer cells that were "stem-like" using specific surface markers produced subpopulations that ultimately reproduced initial population characteristics over serial passaging (80) . The authors were able to show that this behavior can be mathematically modeled as a stochastic process, suggesting that these stem-like properties were simply part of the dynamic behavior of a heterogeneous tumor population. Other features of stem-like behavior such as the ability to differentiate have also shown to be reversible in cancers. Shachaf and colleagues used a transgenic mouse model conditionally expressing the MYC proto-oncogene in liver cells to show that MYC inactivation resulted in differentiation of tumor cells into hepatocytes and biliary cells that can form bile duct structures (81) . Reactivation of MYC abolishes the cellular architecture and restored the neoplastic features.
Although the subject of cancer stem cells is not meant to be a focus of this review, we make the assertion that whether or not dormant cancer cells are "stem-like" is not as relevant as the observation that dormancy is a dynamic phenotype that can achieved through a variety of situations, including the scenario where cancer cells assuming a "stem-like" state. We thus propose a quantitative model of cellular dormancy where the proliferative capacity of cancer cells is determined by the combination of external and internal cues (Fig. 2) . There is strong evidence that the interplay between microenvironmental factors (e.g., through integrin signaling) and internal cues in response to cell stress plays an important role in dictating the ability for individual cancer cells to enter or exit dormancy. In theory, any process that can alter the core balance of the cellcycle components can influence the proliferative behavior of the cell, and it is likely that other important cues will be uncovered moving forward. One major challenge that remains is determining which of these factors are relevant or play a predominant role under specific clinical situations.
Moving Forward
Functional characterization of dormant tumor cells in a physiologic setting is important for bridging the gap between our limited biologic insight and the clinically observed phenomenon of cancer dormancy. Although there are obvious limitations in studying this process in tissue culture, some progress has been made to improve the relevance of in vitro work, for example, by utilizing a three-dimensional culture system constituted from basement membrane that more accurately reflect in vivo ECM components (69) , and more recently, by directly engineering microenvironmental niches (72, 74) . Newer approaches also need to focus on characterizing the dynamic process of cellular dormancy. Much of our current understanding of cellular dormancy is based on static histology or retention of fluorescent dye that fade after each successive cell division (26, 57, 58) . Utilizing advanced in vivo imaging modalities such as quantum dot imaging (82, 83) , MRI labeling techniques (84) , and intravital microscopy (73), for example, could enable a better understanding of the time scale in which this phenomenon operates.
Given that long-term cellular imaging in the human poses a significant technical hurdle, the application of mouse models of cancer is another promising avenue that can expand our understanding of cancer cell dormancy by examining different aspects of cancer progression. For example, the continued reliance of late-stage tumors on initial proliferative signaling events was demonstrated using a transgenic mice carrying tetracycline-inducible c-Neu receptor tyrosine kinase (85) . These mice were shown to develop multiple invasive carcinomas following transgene induction, which essentially regressed to a clinically undetectable state after deinduction. Similar experiments aimed at studying the kinetics of cancer cells entering and exiting a dormant state may be observed by quantitatively manipulating candidate pathways (such as integrin signaling) in mouse models.
Therapeutic implications of cancer cell dormancy
It is critical that our understanding of cancer dormancy shifts from a primarily clinical phenomenon to one characterized by a clear grasp of underlying cellular pathways, as the knowledge gained will have important implications on disease management for several reasons (3) . First, novel therapeutics may be designed to manipulate the transition in and out of this state. For example, although dormant cancer cell populations have been shown in vivo to resist conventional chemotherapy (86) , there are a variety of methods that can promote the reentrance into the cell cycle and increase drug sensitivity. Some of these methods have been used for decades, though the precise biologic implications may not be fully appreciated until now: in a study examining treatment of leukemia, agents such as IFNa, G-CSF, and arsenic trioxide, all of which are efficient at promoting cycling of dormant hematopoietic and leukemic stem cells, were used as a way to sensitize these cells for killing by various chemotherapeutic agents (87) . Given our increasing understanding of the various pathways involved in cellular dormancy, targeted therapy may offer a more effective approach. For example, manipulating integrin signaling has been demonstrated to eliminate slow proliferators in vitro (67) . As epigenetic events play a critical role in maintaining cellular dormancy (26, 58) , another approach might involve using histone-modifying drugs to prevent such dynamic cell-state transitions (27) .
Second, understanding the survival mechanisms of dormant tumor cells may reveal ways to specifically target these cells given their refractory nature. The challenge with this approach, however, lies in the selectivity of eliminating dormant cancer cells while leaving quiescent noncancerous cells (such as normal stem cells). This may be possible as we focus on identify dependent pathways that help maintain dormancy. For example, as upregulation of specific stress signaling responses has shown to be a critical factor in the maintenance of dormancy as discussed earlier, targeting these pathways may cause dormant cells to lose their ability to reenter the cell cycle and either senesce or undergo apoptosis. Further characterization of dormant cells will be required to gain insights on unique ways to target this population. High-throughput technologies such as small molecule screens may be used to find candidate targets, but this approach would rely on the challenging task of having to isolate or assay a sufficient number of dormant cells.
Many unanswered questions remain. First, what is the role of the various types of cancer dormancy in the clinical setting? For example, perhaps cellular dormancy plays a more important role in the initial establishment of solitary metastatic cells, whereas angiogenic dormancy and immunologic surveillance occur later in the continuum as the tumor grows. On the other hand, cellular dormancy may also play a major role in explaining the ability for bulk tumors to survive cytotoxic stress. What genetic or epigenetic factors influence the ability for cancer cells to transition in and out of cellular dormancy? Certain tumor types or mutational profile may intrinsically alter a specific cancer cell's ability to enter and maintain a dormant state. Given that several different pathways have already been shown to be involved in influencing cellular dormancy, manipulations in one or another may bias the subsequent events necessary to achieve such a state. Understanding the biologic mechanism governing each situation would impact potential therapies targeting this phenomenon. An increased understanding of Pathways of cellular dormancy. Cellular dormancy is governed by a combination of external and internal cues. Current literature supports the role of integrin receptor signaling as a pivotal event that leads to the activation of RAS-ERK/MAPK and PI(3)K-AKT pathways, thereby maintaining cell-cycle progression. Downregulation of integrin signaling is a critical driver of cellular dormancy and can be influenced by the composition of extracellular matrix. Intrinsic signaling through the stress pathway uPAR/p38 can also shift the balance toward cellular dormancy through downregulation of the MAPK pathway.
cancer dormancy will likely change our current paradigms of cancer treatment and disease progression.
